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Anomalous Magnetic Moments
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( q
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)−→
S , g` = 2.

a` =
1

2
(g` − 2)

Anomalous Muon Magnetic Moment

The recent measurement of aµ, by the
E989 experiment at Fermilab shows a
discrepancy with respect to (SM)

aFNAL
µ = 116592040(54)× 10−11

aSMµ = 116591810(43)× 10−11

which when combined with the previous
Brookhaven determination

aBNL
µ = 116592089(63)× 10−11

∆aµ = 251(59)× 10−11.

arXiv:2104.03281[E989-FERMI Lab]

Anomalous Electron Magnetic Moment

∆ae = aexpe − aSMe = (−87± 36)× 10−14

From Precision measurement of the fine structure constant using Caesium

atoms.

Science, 360, 191–195(2018).



U(1)Lµ−Lτ Extension

SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)Lµ−Lτ

Well Motivated :
Anomaly free.
Interesting phenomenology related to neutrino mass, DM.
Can explain Muon anomalous magnetic moment (g − 2)µ.

Better prospects of detection =⇒ Muonic Probes

Kinetic mixing term between U(1)Y and U(1)Lµ−Lτ :

ε
2B

αβYαβ
.
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Anomalous Muon Magnetic Moment

Any radiative correction, which couples the muon spin to the virtual fields,
contributes to its magnetic moment:

One loop diagram mediated by Zµτ boson.

∆aµ =
α′

2π

∫ 1

0

dx
2m2

µx
2(1− x)

x2m2
µ + (1− x)M2

Zµτ

≈ α′

2π

2m2
µ

3M2
Zµτ

where α′ = g 2
µτ/(4π).
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Scotogenic U(1)Lµ−Lτ Model

Gauge
Group
SU(2)L
U(1)Y

U(1)Lµ−Lτ

Z2

Fermion Fields
Ne Nµ Nτ
1 1 1
0 0 0
0 1 −1
−1 −1 −1

Scalar Field
Φ1 Φ2 η
1 1 2

0 0 1
2

1 2 0
+1 +1 −1

L ⊇ Nµiγ
µDµNµ −MµτNµNτ + Nτ iγ

µDµNτ −
Mee

2
NeNe − YeµΦ†1NeNµ

− YeτΦ1NeNτ − YµΦ†2NµNµ − YDe L̄e η̃Ne − YDµL̄µη̃Nµ − YDτ L̄τ η̃Nτ

− YτΦ2NτNτ − YleLeHeR − YlµLµHµR − YlτLτHτR + h.c.

V (H,Φi , η) = −µ2
H

(
H†H

)
+ λH

(
H†H

)2
− µ2

Φi

(
Φi
†Φi

)
+ λΦi

(
Φi
†Φi

)2

+ λHΦi
(H†H)

(
Φi
†Φi

)
+ m2

η(η†η) + λ2(η†η)2 + λ3(η†η)(H†H)

+ λ4(η†H)(H†η) +
λ5

2
[(H†η)2 + (η†H)2].
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The right handed neutrino mass matrix, Dirac neutrino Yukawa and
charged lepton mass matrix are given by

MR =

 Mee Yeµv1 Yeτv1

Yeµv1 Yµv2 Mµτ

Yeτv1 Mµτ Yτv2



YD =

YDe 0 0
0 YDµ 0
0 0 YDτ

 , M` =
1√
2

Yev 0 0
0 Yµv 0
0 0 Yτv


Here v/

√
2 is the VEV of neutral component of SM Higgs doublet H.

Satyabrata Mahapatra (IITH) Brookhaven Forum 2021 3-5 November, 2021 6 / 17



Neutrino Mass
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Z2 symmetry under which RHNs and η
are odd.

Neutrino Mass:

(Mν)ij =
∑
k

hikhjkMk

32π2

[
Lk(m2

ηR
)− Lk(m2

ηI
)
]

; Lk(m2) =
m2

m2 −M2
k

ln
m2

M2
k

.

Casas-Ibarra parametrisation:

hαi =
(
UD1/2

ν R†Λ1/2
)
αi

Λk =
2π2

λ5
ζk

2Mk

v2
, ζk =

(
M2

k

8(m2
ηR
−m2

ηI
)

[
Lk(m2

ηR
)− Lk(m2

ηI
)
])−1



Lepton flavour violation
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Br(µ→ eγ) = 3(4π)3α

4G2
F
|AD |2Br(µ→ eνµνe)

AD =
∑

k
h∗kehkµ
16π2

1
M2
η+

f (tk)

where tk = m2
Nk
/M2

η+

MEG Constraint :
Br(µ→ eγ) = 4.2× 10−13

Parameter: M1,M2,M3 ∈ [1, 1000] GeV ,
Mη+ ∈ [100, 1000] GeV
and λ5 ∈ [10−10, 10−3]



∆a` in Scotogenic Scenario
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∆al =
∑
k

− m2
l

8π2M2
η+

|hlk |2f (M2
k/M

2
η+ )

f (x) =
1− 6x + 3x2 + 2x3 − 6x2 log x

12(1− x)4

In spite of the possibility of having positive and negative contributions to (g − 2)
from vector boson and charged scalar loops respectively, the minimal scotogenic
Lµ − Lτ model can not explain muon and electron (g − 2) simultaneously.



VLFD Extension of scotogenic U(1)Lµ−Lτ model
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Vector like fermion doublet ΨT = (ψ0, ψ−) ∼ (1, 2,− 1
2 , 0) Z2 odd.

L = Ψ (iγµDµ −M) Ψ− YψΨH̃
(
Ne + (Ne)c

)
− YψeΨLηeR + h.c.

−Lmass = Mψ0
Lψ

0
R +

1

2
MeeNe(Ne)c + m′D(ψ0

LNe + ψ0
R(Ne)c) + h.c.

For the dark sector in the basis ((ψ0
R)c , ψ0

L, (N1)c)T as :

M =

 0 M mD

M 0 mD

mD mD M1


Diagonalisation by a unitary matrix
U(θ) = U13(θ13 = θ).U23(θ23 = 0).U12(θ12 = π

4 )

U =

 1 0 0
0 e iπ/2 0
0 0 1




1√
2

cos θ 1√
2

cos θ sin θ

− 1√
2

1√
2

0

− 1√
2

sin θ − 1√
2

sin θ cos θ





Dark States and and Parameters
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The diagonalisation requires:

tan 2θ =
2
√

2 mD

M −M1

The emerging physical states: χi =
χ
iL

+(χ
iL

)c√
2

χ
1L

=
cos θ√

2
(ψ0

L + (ψ0
R)c) + sin θ(N1)c ,

χ
2L

=
i√
2

(ψ0
L − (ψ0

R)c),

χ
3L

= − sin θ√
2

(ψ0
L + (ψ0

R)c) + cos θ(N1)c .

Mass Eigen Values:

mχ
1

= M cos2 θ + M1 sin2 θ + mD sin 2θ,

mχ
2

= M,

mχ
3

= M1 cos2 θ + M sin2 θ −mD sin 2θ .

Dark Parameters:

Yψ ≈
∆M sin 2θ

2v
,

M ≈ mχ
1

cos2 θ + mχ
3

sin2 θ,

M1 ≈ mχ
3

cos2 θ + mχ
1

sin2 θ;



Electron (g − 2) in Extended Model
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(ψ0
R)c =

cos θ√
2
χ

1L
− 1√

2
χ

2L
− sin θ√

2
χ

3L

ψ0
L =

cos θ√
2
χ

1L
+

1√
2
χ

2L
− sin θ√

2
χ

3L

(N1)c = sin θ χ
1L

+ cos θ χ
3L

∆ae = − me

8π2M2
η+

sin θ cos θ√
2

Re(h1eY
∗
ψe)×

[
mχ1

fLR
(m2

χ1

M2
η+

)
−mχ3

fLR
(m2

χ3

M2
η+

)]

fLR(x) =
1− x2 + 2x log x

2(1− x)3



Common Parameter Space
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Dark Matter Phenomenology
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Collider Signatures
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Opposite sign dilepton + missing energy
(`+`− + /ET )

Three leptons + missing energy
(```+ /ET )

Four leptons + missing energy
(````+ /ET )

Single lepton with jets (`± + jj + /ET )

Displaced vertex signature of ψ±

Γψ±→χ3π
± ≈

G 2
F

π
(fπ cos θc)2 sin2 θ∆M3

√
1−

m2
π±

∆M2

Γψ±→χ3`
±ν

l
≈

G 2
F

15π3
sin2 θ∆M5

√
1−

m2
l

∆M2



Summary
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Both dark sector phenomenology and the
flavour observables are deeply coupled.

Being in agreement with all relevant
bounds, the model remains predictive at
CLFV, DM direct detection as well as
collider.

In addition to the singlet-doublet
parameter space sensitive to both high
and low energy experiments like the LHC,
MEG (or (g − 2)) respectively, the
existence of light Lµ − Lτ gauge boson at
sub-GeV scale also remains sensitive at
low energy experiments like NA62 at
CERN, offering a variety of
complementary probes.



Thank You !!!
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Neutral Fermion Mass Matrix

Neutral fermion mass matrix for the dark sector in the basis
((ψ0

R)c , ψ0
L, (Ne)c , (Nµ)c , (Nτ )c)T as :

M =



0 M
Yψv√

2
0 0

M 0
Yψv√

2
0 0

Yψv√
2

Yψv√
2

Mee
Yeµv1√

2
Yeτ v1√

2

0 0
Yeµv1√

2

Yµv2√
2

Mµτ

0 0 Yeτ v1√
2

Mµτ
Yτ v2√

2


=

(
M MD

MT
D MR

)
(1)

M =

(
0 M
M 0

)
, MD =

( Yψv√
2

0 0
Yψv√

2
0 0

)
MR =


Mee

Yeµv1√
2

Yeτ v1√
2

Yeµv1√
2

Yµv2√
2

Mµτ

Yeτ v1√
2

Mµτ
Yτ v2√

2

.
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Neutral Fermion Mass Matrix

Ne = c12c13N1 + (−c23s12 − c12s13s23)N2

+ (−c12c23s13 + s12s23)N3

Nµ = s12c13N1 + (c12c23 − s12s23s13)N2

+ (−s12c23s13 + c12s23)N3

Nτ = s13N1 + c13s23N2 + c13c23N3 (2)

Thus the neutral fermion mass matrix relevant for singlet-doublet DM
phenomenology can be written in the basis ((ψ0

R)c , ψ0
L, (N1)c)T as :

M =


0 M c12c13

Yψv√
2

M 0 c12c13
Yψv√

2

c12c13
Yψv√

2
c12c13

Yψv√
2

c2
12c

2
13M

′
1

 =

 0 M mD

M 0 mD

mD mD M1

 .

Where M1 = c2
12c

2
13M

′
1 and mD = c12c13

Yψv√
2

= c12c13m
′
D

Satyabrata Mahapatra (IITH) Brookhaven Forum 2021 3-5 November, 2021 19 / 17



DM-SM Interaction

Lint = Ψiγµ[−i g
2
τ.Wµ − ig ′

Y

2
Bµ]Ψ

+ NRi iγ
µ(−igµτYµτ (Zµτ )µ)NRi

=
( e

2 sin θW cos θW

)
ψ0γµZµψ

0

+
e√

2 sin θW
(ψ0γµW+

µ ψ
− + ψ+γµW−µ ψ

0)

− e ψ+γµAµψ
−

−
( e cos 2θW

2 sin θW cos θW

)
ψ+γµZµψ

−

+ YψΨH̃(Ne + Nc
e ).

(3)

where g = e
sin θW

and g ′ = e
cos θW

with e being the electromagnetic
coupling constant, θW being the Weinberg angle and gµτ is the U(1)Lµ−Lτ
coupling constant.
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